ABSTRACT
S
houlder apprehension is defined as anxiety and resistance in patients with a history of anterior glenohumeral instability. The apprehension sign is a physical finding in which placement of the humerus in the position of abduction to 90°and maximal external rotation produces anxiety and resistance in patients with a history of anterior glenohumeral instability. 1, 2 Despite the clearly established clinical findings of shoulder apprehension, the neuronal mechanisms associated with this subjective perception of anxiety and resistance remain unexplored. In patients with recurrent complaints of persisting apprehension after surgical stabilization, it is often difficult to diagnose and appropriately address the underlying problem. Although a bony defect has been recognized as a major cause of residual instability, 3 some patients experience apprehension without any proven recurrent dislocation. It is not clear whether the origin of the complaint is true recurrent instability or whether it stems from a cerebral pattern linking a certain movement or position to a subjective sensation of apprehension. This type of apprehension could, in some cases, arise from a previously memorized unpleasant sensation associated with a particular movement or position leading to a protective reflex action, rather than being the result of true persisting instability. Failure to recognize and adequately address this issue of persisting apprehension because of cerebral patterning may result in poor outcomes and even lead to unnecessary revision surgery.
To specifically probe the neuronal activations associated with shoulder apprehension, we developed animation videos illustrat-ing typical movements of shoulder apprehension and matched control videos without apprehension movements. These videos were shown during fMRI to a carefully selected group of patients with shoulder apprehension and matched healthy volunteers. Functional connectivity as well as structural changes in gray and white matter was assessed. Specifically, we addressed the hypothesis that the visual presentation of apprehension-related videos induces patterns of functional connectivity in brain networks associated with motor resistance and anxiety.
MATERIALS AND METHODS

Participants
The local institutional ethical committee approved this prospective study, and all participants gave written informed consent before inclusion. We included 15 consecutive right-handed male patients with right-sided (nϭ9) or left-sided (nϭ6) glenohumeral instability and positive shoulder apprehension test (27.5 Ϯ 6.4 years), who were recruited during consultation by the same shoulder surgeon (A.L., 13 years of experience). They all underwent an fMRI examination before surgical shoulder stabilization by this same surgeon. Ten healthy male right-handed control-matched participants were randomly selected from the general population (29.0 Ϯ 4.7 years, no significant difference in mean age between groups). The exclusion criteria for control patients was any history of shoulder injury or instability as well as hyperlaxity, defined as more than 85°of elbow-to-waist external rotation. All participants had normal or corrected-to-normal visual acuity, and none reported a history of major medical disorders (cancer, cardiac illness), sustained head injury, psychiatric or neurologic disorders, or alcohol or drug abuse. Participants who used psychotropics, stimulants, and ␤-blockers on a regular basis were excluded.
fMRI Task
The fMRI task consisted of a block-design of 2 active conditions and 1 rest condition. In the active APPREHENSION condition, self-made animation movies (10 seconds) were visually presented, including daily activities such as putting the right shoulder at risk for anteroinferior dislocation and hence triggering apprehension, for example, arming the shoulder with a javelin, quickly reaching backwards for a seatbelt, and so forth (created by C.G., 3 years of experience). The videos for the CONTROL condition presented an identical situation except for the lack of suggestive movement, which induces apprehension. After each movie, a visual analog scale was presented for 2.5 seconds, and participants rated the degree of apprehension by using a MR-compatible response box, followed by a rest period consisting of the visual presentation of a fixation cross for 17.5 seconds. The 9-point visual rating scale ranged from very unpleasant (Ϫ1) to neutral (0) to pleasant (ϩ1). Each run consisted of 6 active and 6 control videos presented in a pseudorandomized fashion. With inclusion of the additional fixation cross-phase, each run lasted 370 seconds with each participant performing 2 runs. Before fMRI scanning, participants were familiarized with the task by using a training program outside of the fMRI scanner.
MR Imaging
MR imaging was performed on a clinical routine whole-body 3T MR scanner (Trio; Siemens, Erlangen, Germany 
Analysis of Behavioral Data
After normality testing (D'Agostino-Pearson omnibus test), the participant's age was analyzed by use of a 2-sample t test. The behavioral responses for APPREHENSION vs CONTROL for patients and control participants were analyzed by use of grouplevel ANOVA followed by pair-wise Bonferroni multiple comparison tests.
TICA Analysis of Functional Connectivity
Analysis was carried out by TICA 4 as implemented in MELODIC (Multivariate Exploratory Linear Decomposition into Independent Components) Version 3.10, part of FSL. The following preprocessing was applied: 1) masking of nonbrain voxels, 2) voxelwise de-meaning of the data, and 3) normalization of the voxelwise variance. Preprocessed data were whitened and projected into a 30-dimensional subspace by use of the principal component analysis (30 components by use of automatic component estimation in FSL). The whitened observations were decomposed into sets of vectors, which describe signal variation across the temporal domain (time courses), the session/participant domain, and across the spatial domain (maps) by optimization for non-Gaussian spatial source distributions by a fixed-point iteration technique. 5 Estimated component maps were divided by the standard deviation of the residual noise and thresholded by fitting a mixture model to the histogram of intensity values. 6 Three nonneurologic noise components (visual inspection, and pseudoactivation of the brain surface or vascular system) were excluded from further processing. For each of the 27 remaining independent components (ICs), the associated Smodes (which are measures of the activation strength of the component) were post hoc compared between APPREHENSION vs CONTROL by implementation of 2-sample t tests and Bonferroni correction for multiple comparisons. The analysis was preformed 3 times: 1) right shoulder patients vs control participants, 2) left shoulder patients vs control participants, and 3) all shoulder patients vs control participants. 
General Linear Model Analysis of Task-Related Activation
Task-related general linear model (GLM) data processing was carried out by use of FEAT (fMRI Expert Analysis Tool) Version 5.98, part of FSL. At the first level, the contrast of APPREHENSION vs CONTROL (and the inverse comparison) was calculated separately for each run of each participant. At the second level, the intraparticipant difference in the 2 runs of APPREHENSION vs CONTROL (and the inverse comparison) was assessed individually. At the third level, the group difference between all 15 patients and 10 control participants was calculated. We carried out higherlevel analysis by using a fixed-effects model, forcing the randomeffects variance to zero in FLAME (FMRIB Local Analysis of Mixed Effects). 7-9 Z (Gaussianized T/F)-statistic images were thresholded by use of clusters determined by Z Ͼ 2.3 and a corrected cluster significance threshold of P ϭ .05.
Gray Matter VBM Analysis of T1 Data
The VBM analysis was analyzed by use of the FSL software package (Version 5.0.2.1). Standard processing steps were used, as described previously. 10, 11 The essential processing steps included brain extraction in BET (Brain Extraction Tool, part of FSL), tissue-type segmentation by FAST4 (part of FSL), nonlinear transformation into Montreal Neurological Institute reference space, and creation of a study-specific GM template. The native GM images were then nonlinearly re-registered to this template. The modulated segmented images were then smoothed with an isotropic Gaussian kernel with a sigma of 2 mm. Finally, we applied voxelwise GLM by using permutation-based nonparametric testing (Randomise, part of FSL), correcting for multiple comparisons implementing threshold-free cluster enhancement. 12 Fully corrected P values Ͻ .05 are considered as significant. Similar to the TICA analysis above, this analysis was repeated for right shoulder patients vs control participants, left shoulder patients vs control participants, and all shoulder patients vs control participants.
White Matter TBSS Analysis of DTI Data
The TBSS analysis of the DTI data was again done implementing the FSL software package (Version 5.0.2.1), according to the standard procedure described in detail. 13 In principle, TBSS projects all participants' fractional anisotropy data onto a mean fractional anisotropy tract skeleton by using nonlinear registration. The tract skeleton is the basis for voxelwise cross-participant statistics and reduces potential misregistrations as the source for false-positive or false-negative results. Equivalent to the VBM analysis discussed above, we performed voxelwise statistical analysis with threshold-free cluster enhancement 12 correction for multiple comparisons, considering fully corrected P values Ͻ .05 as significant. Again, analysis was repeated for right shoulder patients vs control participants, left shoulder patients vs control participants, and all shoulder patients vs control participants.
RESULTS
Behavioral Data
In both patients and healthy volunteers, the APPREHENSION videos induced significantly increased (P Ͻ .001 corrected patients; P Ͻ .01 corrected control volunteers) unpleasant ratings compared with CONTROL videos. Moreover, when we compared patients vs healthy control participants, only the APPRE-HENSION videos (P Ͻ .01 corrected), but not the CONTROL videos, yielded more unpleasant ratings in patients vs control volunteers (Fig 1) . These results confirm that our experimental setup induces subjective perception of unpleasantness associated with the visual perception of our shoulder apprehension movies in both patients and control participants. It also demonstrates that patients had significantly more unpleasant ratings for APPRE-HENSION videos vs CONTROL videos compared with matchedcontrol participants.
Functional Connectivity fMRI Activations
The independent component analysis yielded 3 task-related ICs with a significant (P Ͻ .05 corrected) difference in Smode (a measure of the activation strength of the ICs) for patients compared with control participants. All 3 ICs were significant for all patients vs control participants and right shoulder patients vs control participants. In addition, IC 17 was significant for left shoulder patients vs control participants, whereas the other 2 components showed a clear equivalent but just a nonsignificant trend. It is noteworthy that there was a higher number of right vs left shoul- Visual rating ranging from unpleasant (Ϫ1) to pleasant (ϩ1) associated with the presentation of APPREHENSION and CONTROL videos for patients and healthy volunteers. APPREHENSION vs CONTROL videos were associated with reduced rating values for both groups (P Ͻ .0001 corrected patients; P Ͻ .001 corrected control volunteers). APPREHENSION videos were associated with lower rating scores when comparing patients vs healthy volunteers (P Ͻ .01 corrected), whereas there was no significant effect for CONTROL videos.
der patients, which explains this higher level of significance. There was no significant difference between right vs left shoulder patients. Therefore, we report the following results for all patients vs control participants.
Patients vs control participants had a significantly (P Ͻ .05 corrected) higher functional connectivity in 2 almost-mirror symmetric components, notably in the bilateral primary sensorymotor area and dorsolateral prefrontal cortex (dlPFC), bilateral dorsomedial prefrontal cortex (dmPFC), anterior insula, and dACC (ϩ148% SMode in right hemisphere IC 12, and ϩ144% Smode in left hemisphere IC 17). In contrast, patients had significantly reduced functional connectivity in a bilateral higher-level visual network including the parietal region (Ϫ185% Smode IC 30) (Fig 2) .
The additionally performed correlation between task-positive minus task-negative Smodes and behavioral ratings revealed a significant negative correlation (rho ϭ Ϫ0.47, P ϭ .02) for all participants, and trends within the populations (rho ϭ Ϫ0.63, P ϭ .05 in control participants and rho ϭ Ϫ0.31, P ϭ .27 in patients).
These correlations indicate increasing functional connectivity activation strength in task-positive networks with increasing unpleasantness (Fig 3) .
GLM Analysis of Task-Related Activation
The task-related GLM analysis revealed activation in the left primary sensory-motor area and dlPFC, which overlaps with IC 17, yet at a lower degree of significance. The corresponding contralateral regions showed a clear trend, which remained just below the multiple comparisons corrected threshold (Fig 4) .
VBM Analysis of Gray Matter and TBSS Analysis of White Matter
The VBM analysis of GM as well as the TBSS analysis of WM revealed no differences between groups.
DISCUSSION
Patients with shoulder apprehension have increased functional connectivity in the primary sensory-motor areas compatible with motor resistance, dlPFC associated with cognitive control of motor behavior, and the dACC/dmPFC and anterior insula associated with anxiety and emotional regulation, despite the absence of potentially confounding structural alterations.
The current investigation is based on the observation that functional connectivity is not stationary but is variable with time. Functional connectivity may change spontaneously, 14 by exogenous stimulation, 15 or by learning. [16] [17] [18] Therefore, we exposed participants to videos of situations, which typically induce apprehension, to modulate functional connectivity related to the perception of apprehension. Our approach thus differs from "classic" resting-state fMRI studies without any specific task. 19, 20 It is noteworthy that this change in paradigm is essential for the current investigation, as we only expect subtle changes at baseline in "classic" resting-state fMRI of apprehension patients who have no cognitive impairments. The presentation of apprehension videos is thus necessary to induce functional connectivity associated with the perception and, more generally, the processing of shoulder apprehension.
The functional connectivity was increased in patients vs volunteers by approximately 145% in the bilateral primary motor and sensory areas, as well as the bilateral dlPFC. It is interesting to note that during the shoulder apprehension test, 1,2 patients had an increased muscle tone and resistance in response to external rotation of the shoulder. Our findings of increased functional connectivity in the primary sensory-motor area as well as in the dlPFC, which is consistently involved in the cognitive control of motor behavior, 21 are consistent with a preparation or readiness activation of the motor system in muscular resistance. Moreover, Hamilton et al 22 and Korgaonkar et al 23 propose the dlPFC is involved in the appraisal of negative emotional inputs (appraisal being deregulated in major depressive disorder). In the context of our shoulder apprehension videos, the increase in dlPFC might indicate an increased reappraisal of negative information related to the negative valence of the videos, in addition to its role in modulating pre/motor regions.
In addition, we observed an increase in functional connectivity in the dmPFC, dACC, and anterior insula. These regions are consistently involved in emotional regulation (http://neurosynth. org/terms/emotion, http://neurosynth.org/terms/regulation) and anxiety (http://neurosynth.org/terms/anxiety). Although no previous imaging study specifically addressed apprehension, we consider anxiety and fear as key cognitive processes associated with shoulder apprehension. A recent meta-analysis of instructed fear studies concludes that the dACC/dmPFC is a part of a "core" fear network, which is activated irrespective of how fear was learned. 24 One study assessed anticipatory anxiety in participants with spider phobia 25 and identified increased activation notably in the dACC/dmPFC and insula in spider phobics compared with volunteers while anticipating phobic stimulation. Another study assessed anticipation of interoceptive threat in 15 participants reporting high vs 14 participants reporting low fear. 26 Participants were trained that 1 of 2 cues predicted the occurrence of a hyperventilation task, which reliably produced body symptoms in all participants. The comparison of high-fear vs low-fear groups during the anticipation period, again, activated the dACC/dmPFC and bilateral anterior insula. Moreover, anticipatory anxiety was assessed in 14 healthy volunteers. 27 The paradigm consisted of a visual presentation of blue circles associated with a certain likelihood of aversive transcutaneous electrical nerve stimulations vs visual presentation of red circles without painful stimuli. Again, anticipatory anxiety was associated with activations in the bilateral anterior insula and midline frontal cortex (overlapping with the dACC/dmPFC). Spider phobia, hyperventilation, and transcutaneous electrical nerve stimulations as aversive stimuli evidently differ from shoulder apprehension in our current investigation. Nevertheless, the anticipatory anxiety in the discussed studies is an essential cognitive process involved in shoulder apprehension. In a consistent fashion, the reported activations of these above-mentioned studies remarkably overlap with parts of the observed upregulated networks of our current investigation. This finding is remarkable, as the above-mentioned fMRI studies used hypothesis-driven data analyses, whereas our current investigation implemented a hypothesis-free independent component analysis. Only 1 previous study assessed functional connectivity in anticipatory anxiety; however, it implemented a fundamentally different region-of-interest approach. 28 This study included 14
anxiety-positive and 14 anxiety-normative participants performing an affective picture anticipation task. In a first step, activation in the bilateral anterior insula was identified in a task-related analysis, replicating the results of the task-related anticipatory anxiety studies discussed above. In a second step, functional connectivity was calculated with the left and right anterior insula as a seed region-in contrast to the exploratory independent component analysis of our current study, which assessed the entire brain without predefined seed regions. Nevertheless, the bilateral anterior insula in the anxiety-positive group overlap considerably with the networks identified in our study. It is worthwhile emphasizing that the alterations in functional connectivity in the current investigation were identified by use of data-driven IC analysis without prior assumptions. Nevertheless, the observed changes in functional connectivity are by no means random yet very meaningful in the context of shoulder apprehension, as discussed above. The relevance of these task-correlated networks is further supported by the additionally performed hypothesis-driven GLM analysis, which demonstrated overlapping activations in the left sensory-motor areas and dlPFC as well as a clear and almost significant trend in the contralateral areas. That the functional-connectivity TICA analysis is more sensitive compared with the task-related GLM analysis can be explained by the fact that GLM requires strict multiple-comparisons correction of approximately 100,000 voxels instead of only 30 ICs. In addition, TICA averages signal across multiple voxels, thereby increasing the signal-to-noise ratio compared with the single-voxel GLM analysis.
Moreover, the significant correlation between ratings and functional activation strengths revealed that task-positive networks, including the sensory-motor area, dlPFC, and dACC/ dmPFC, are activated more strongly during the processing of unpleasant experiences. In contrast, the task-negative higher-level visual networks are less activated in subsequent resting blocks. Therefore, shoulder apprehension progressively disturbs the balance between task-positive and task-negative networks as unpleasantness increases. Correspondingly, delayed recovery of resting-state activity in regions of the default mode network has also been reported after exposure to unpleasant visual movie fragments 29 or after a demanding cognitive task such as regulation by use of real-time fMRI neurofeedback. 30 These findings not only show the direct implication of shoulder apprehension and the motor networks but also show brain processes likely to be related to interoceptive awareness, anxiety, and emotional regulation.
Strengths and Limitations
Strengths of our current investigation are the strict patient selection, the complementary analyses of functional connectivity and task-related fMRI, and the exclusion of potentially confounding morphometric changes in both GM and WM. However, several limitations should be considered. First, the study group was small and was limited to men. Second, to increase the number of patients, we grouped together those with left and right shoulder instability, as we assumed that the cognitive processes related to apprehension were global and did not depend on the side of shoulder instability. Accordingly, we could not observe differences between patients with left shoulder instability vs control participants or those patients with right shoulder instability vs control participants, nor in the direct comparison between patients with left vs right shoulder apprehension. Third, we investigated only shoulder apprehension. We assumed that the neuronal activations associated with apprehension and anxiety were not limited to shoulder apprehension, but a general effect of apprehension including, for example, knee instability; this remains to be elucidated in future studies. Finally, we assumed that apprehension is a dynamic process, which may change with time (eg, after shoulder stabilization). In this investigation, we only assessed the phase of apprehension in patients with acute shoulder instability. Longitudinal assessment of patients with shoulder apprehension would be most interesting because the dynamic installation of apprehension-related changes in brain activations could be assessed, as well as modifications in brain activations with time associated with different treatment strategies in the sense of a surrogate marker.
CONCLUSIONS
Although shoulder apprehension is a well-known problem in sports medicine, the underlying mechanisms remain poorly understood. We demonstrate changes in neuronal processing associated with shoulder apprehension, indicating that apprehension is more complex than a pure mechanical problem of the shoulder. This also explains why mechanical stabilization alone oftentimes provides unsatisfactory results.
